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ABSTRACT 

A Monte Carlo computer ana lys i s  of t he  f r e e  molecular flow charac- 
t e r i s t i c s  of t he  thermosphere probe used t o  measure gas temperature and 
d e n s i t y  i n  the  a l t i t u d e  range of 140 ki lometers  t o  350 ki lometers  i s  
descr ibed .  The t ransmission p robab i l i t y  which is requi red  t o  r e l a t e  t he  
ambient dens i ty  t o  the  measured dens i ty  is  ca l cu la t ed  f o r  a s impl i f i ed  
geometr ic  conf igura t ion  which compares wel l  wi th  measured s i g n a l s  except 
a t  h igh  angles  of a t t a c k  where the  s impl i f i ed  model of t he  system f a i l s .  
The time response of t he  system seems t o  be adequate f o r  t he  mode of 
measurements , and comparison wi th  measured s i g n a l s  i n d i c a t e s  t h a t  the  
incoming molecules made no more than 1 specular  r e f l e c t i o n  i f ,  indeed, 
any a t  a l l .  
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AN ANALYSIS OF THE MOLECULAR KINETICS OF THE THERMOSPHERE PROBE 

SUMMARY 

A Monte Carlo computer a n a l y s i s  of the f r e e  molecular f low charac- 
t e r i s t i c s  of the  thermosphere probe used t o  measure gas temperature and 
d e n s i t y  i n  the  a l t i t u d e  range of 140 k i lometers  t o  350 ki lometers  is 
descr ibed .  The t ransmission p r o b a b i l i t y  which is  requi red  t o  r e l a t e  t he  
ambient dens i ty  t o  the  measured d e n s i t y  is ca l cu la t ed  f o r  a s i m p l i f i e d  
geometric: conf igura t ion  which compares we l l  w i t h  measured s i g n a l s  except  
a t  h igh  angles  of a t t a c k  where the  s impl i f i ed  model of the  system f a i l s .  
The time response of the  system seems t o  be adequate  f o r  the  mode of 
measurements, and comparison wi th  measured s i g n a l s  i nd ica t e s  t h a t  the 
incoming molecules made no more than 1 specu la r  r e f l e c t i o n  i f ,  indeed, 
any a t  a l l .  

I. INTRODUCTION 

The thermosphere probe (TP) i s  a n  e j e c t a b l e ,  sounding-rocket- 
borne system developed by the Space Physics Research Laboratory,  
Department of E l e c t r i c a l  Engineering, Un ive r s i ty  of Michigan, which 
makes simultaneous d i r e c t  measurements of gas  temperature and d e n s i t y ,  
ion  and e l e c t r o n  dens i ty ,  and e l e c t r o n  temperature i n  the  e a r t h ' s  
atmosphere i n  the  a l t i t u d e  range from 120 km t o  350 km. Among the  
complement of instruments  used  i n  t h i s  probe is a n  omegatron p a r t i a l  
p re s su re  gauge. A very  c r i t i c a l  a r ea  i n  the  a n a l y s i s  of the  d a t a  from 
t h i s  instrument  is a t t e n u a t i o n  of the  measured s i g n a l  due t o  the  veloc-  
i t y  of the  probe and the duct  coupling the  sens ing  reg ion  t o  the  atmos- 
phere.  Previous t h e o r e t i c a l  approaches devia ted  from measured responses  
by 8 s  much as 20 percent  [l]. This r e p o r t  desc r ibes  a Monte Car lo  ana ly-  
s is  of the  system, presents  the  r e s u l t s  of t h i s  a n a l y s i s ,  and compares 
these  r e s u l t s  w i th  a c t u a l  f l i g h t  data. 



11. DESCRIPTION OF THE OMEGATRON 

The TP is a c y l i n d r i c a l  probe approximately 32 inches long and 
6 inches i n  diameter.  The omegatron is  loca ted  a t  one end of t he  cy l in -  
de r  wi th  a c i r c u l a r  duc t  pro t ruding  a long  the  a x i s .  
covers t h i s  duct  and s e a l s  t he  system u n t i l  opera t ing  a l t i t u d e s  a r e  
a t t a i n e d .  Ignoring a l l  d e t a i l s  e x t e r n a l  t o  the probe c a v i t y ,  f i g u r e  1 
p resen t s  the i n t e r n a l  duct  conf igu ra t ion  f o r  the  omegatron sensor  show- 
ing the  loca t ion  of the  sens ing  element. Bas i ca l ly ,  t h i s  c y l i n d r i c a l  
duc t  is  1 inch in  diameter and approximately 1 7/16 inches long wi th  a 
,438-inch diameter o r i f i c e  connected t o  a r ec t angu la r  duc t  about  3 314 
inches long wi th  s i d e s  of 1 inch and 1.312 inches.  The omegatron sens-  
ing element is a cubic  conf igura t ion  approximately .688 inch on each 
edge having i t s  cen te r  loca ted  along the  a x i s  of the  c y l i n d r i c a l  about  
4 inches from the o r i f i c e .  The d e t a i l e d  d e s c r i p t i o n  of t h i s  sensor  is 
no t  necessary f o r  t h i s  a n a l y s i s ;  however, a n  important f e a t u r e  is that 
the s i d e  of the cube which faces  toward the  o r i f i c e  is  s o l i d  p l a t e .  
(A complete desc r ip t ion  of the  omegatron is  found i n  r e fe rence  2 . )  
Thus, molecules en te r ing  the  o r i f i c e  m u s t  t r a v e l  down the  duc t  and pass 
between the  duct  w a l l  and the forward p l a t e  before  they can e n t e r  the  
sens ing  volume. 
can be measured. 

A break-off  device  

Only those molecules which pass i n t o  the  cubic  volume 

111. MODIFIED CONFIGURATION FOR ANALYSIS 

While the exact conf igura t ion  of the  omegatron could be analyzed by 
coupling seve ra l  Monte Carlo programs, i t  was f e l t  that a modified con- 
f i g u r a t i o n  could be used t o  o b t a i n  data wi th  s u f f i c i e n t  accuracy using 
only one program. Accordingly, t he  fol lowing assumptions were made: 

( a )  The conica l  s e c t i o n  of duc t ing  a t  the  o r i f i c e  could be 
e l imina ted ,  and the o r i f i c e  could be considered t o  be an  
i d e a l  o r i f i c e  i n  an  i n f i n i t e l y  t h i n  plane.  

(b) The e n t i r e  duct  could be considered t o  be a cy l inde r .  

( c )  The l i m i t i n g  parameter a t  the  sensor  is  the  f a c e  toward 
the o r i f i c e .  This parameter could be cha rac t e r i zed  by 
consider ing a c i r c u l a r  d i s c  w i t h i n  the  cy l inde r  whose a r e a  
is the  same propor t ion  t o  the c r o s s - s e c t i o n a l  a r e a  of the  
cy l inder  as the  cubic  f a c e  a r e a  is t o  the  c r o s s - s e c t i o n a l  
a r e a  of the  r ec t angu la r  duc t .  

w i th  these assumptions,  a conf igu ra t ion  w i t h  the  fol lowing param- 
e t e r s  w a s  used ( f igu re  2 ) :  
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(a) The r a t i o  of the  length of t he  c y l i n d e r ,  L ,  t o  the  r a d i u s  
of the cy l inde r ,  A,, L/A, = 5.5 

(b) The r a t i o  of the  r a d i u s  of t he  o r i f i c e ,  A,, t o  the r ad ius  
of the  cy l inde r ,  A,, (A,/A1) = .438. 

( c )  The r a t i o  of t he  r a d i u s  of the  c i r c u l a r  d i s c ,  AD, t o  t he  
r a d i u s  of the  cy l inder ,  A,, (AD/A,) = . 6 .  

I V .  COMPUTER RESULTS 

A.  General Remarks 

Using the  input  va lues  from s e c t i o n  111 above, a Monte Carlo ana ly-  
s i s  w a s  made of t h i s  conf igu ra t ion  f o r  speed r a t i o s  of 0 .5 ,  1 .0 ,  1 .5 ,  
1.64, 2.0,  2 . 3 8 ,  2.5, 2 . 7 ,  and 3 . 0  a t  angles  of a t t a c k  of 0",  l o " ,  20",  
30",  45" ,  60", 75", go", and 105". Each molecule w a s  followed u n t i l  i t  
ex i t ed  or  u n t i l  i t  made 150 c o l l i s i o n s .  I f  i t  had made 150 c o l l i s i o n s  
and had not y e t  ex i t ed  the  system, i t  was d iscarded .  Very few were 
d iscarded ,  never more than 5 o a t  of each sample of 10,000. The l i m i t  of 
150 c o l l i s i o n s  w a s  merely an a r b i t r a r y  l i m i t .  

The t ransmiss ion  p r o b a b i l i t y ,  K,  ( t he  p r o b a b i l i t y  t h a t  a molecule 
en te r ing  the  o r i f i c e  w i l l  pass through the tube and e n t e r  the sensor  
volume) is requi red  t o  r e l a t e  the dens i ty  measured i n  the  sensor  volume 
t o  the  ambient d e n s i t y  through which the  probe is  passing.  Appendix A 
p re sen t s  the equat ions f o r  t h i s  r e l a t i o n s h i p  involving the  t ransmission 
p r o b a b i l i t y .  K is  not  only a func t ion  of t he  geometry, t he  speed r a t i o ,  
and the  angle  of a t t a c k ,  bu t  i s  a l s o  a func t ion  of the  type of r e f l e c t i o n  
a molecule makes a f t e r  c o l l i d i n g  with the s u r f a c e .  For vacuum systems 
where the mass v e l o c i t y  of the  gas is small i n  camparison wi th  the mean 
thermal speed of the  molecules ,  d i f f u s e  r e f l e c t i o n s  a r e  assumed. A s  
the  r e l a t i v e  v e l o c i t y  inc reases ,  as  i n  a rocke t  probe, t h i s  may not be 
t rue .  Accordingly, t h i s  program was w r i t t e n  s o  t h a t  the  molecules could 
make some number of specu la r  c o l l i s i o n s  and a f t e r  t h a t  number the  remain- 
ing c o l l i s i o n s ,  u n t i l  they e x i t e d ,  were d i f f u s e .  The no ta t ion  used t o  
i d e n t i f y  t h i s  parameter is zero specular ,  which means a l l  r e f l e c t i o n s  
a r e  d i f f u s e ,  1 specu la r ,  meaning tha t  the f i r s t  c o l l i s i o n  w a s  specular 
and a l l  subsequent d i f f u s e ,  2 specular, meaning t h a t  the f i r s t  two col -  
l i s i o n s  were specu la r  and a l l  subsequent d i f f u s e ,  e t c .  The r e s u l t s  of 
changing the parameter a r e  c l e a r l y  i d e n t i f i e d .  
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I n  a d d i t i o n  t o  t ransmiss ion  p r o b a b i l i t y ,  some information can be 
obtained from the  program concerning the  time of passage from the orLf ice  
t o  the  sensor .  This was done by assuming that the molecules t r ave led  a t  
the  r e l a t i v e  mass v e l o c i t y  of the  probe u n t i l  they were d i f f u s e l y  r e f l e c -  
t ed  from the  wal l s  a t  which t i m e  they t r ave led  a t  a speed r e p r e s e n t a t i v e  
of t he  temperature of the probe. 
exac t ,  they should po in t  ou t  any major t i m e  response problem i f  one 
e x i s t e d .  

While these  r e s u l t s  a r e  c e r t a i n l y  not  

I 

B. Transmission P r o b a b i l i t y  i n  Dif fuse  Ref lec t ions  

Figures  3 through 11 presen t  the  t ransmiss ion  p r o b a b i l i t i e s  f o r  t he  
modified thermosphere probe conf igura t ion  as a func t ion  of the  ang le  of 
a t t a c k  f o r  var ious  speed r a t i o s .  The expected t rend of decreas ing  va lues  
of K w i th  increas ing  values of the  angle  of a t t a c k  is ev ident .  I n  these  
f i g u r e s ,  i t  is no t i ceab le  t h a t ,  as the  speed r a t i o  inc reases ,  the va lue  
of K goes through a minimum and rises aga in  and t h a t  t h e  minimum value  
s h i f t s  toward lower angles  of a t t a c k  as the speed  r a t i o  inc reases .  

While t h i s  trend is no t  s i g n i f i c a n t  i n  i t s  magnitude, i t  is not  
be l ieved  t o  be r e p r e s e n t a t i v e  of t he  o r i g i n a l  probe response,  because of 
t he  i n i t i a l  assumptions of consider ing the  en t rance  o r i f i c e  as a pure 
o r i f i c e  i n  an i n f i n i t e l y  t h i n  d i s c  thus ignor ing  the  conica l  s e c t i o n  
t h a t  a c t u a l l y  con t r ibu te s  s i g n i f i c a n t l y  t o  the  flow p r o p e r t i e s  a t  high 
ang le s  of a t t a c k .  This i s  shown more f u l l y  i n  the  comparison of t he  
Monte Car lo  r e s u l t s  w i t h  f l i g h t  d a t a ,  

Figure 12 shows the  t ransmission p r o b a b i l i t y  f o r  speed r ad ios  of 1, 
2 ,  and 3 and i l l u s t r a t e s  a s i g n i f i c a n t  f e a t u r e  of a l l  types of probes a t  
angles  of a t t a c k .  There i s  a p a r t i c u l a r  ang le  of a t t a c k  a t  which the  
t ransmiss ion  p r o b a b i l i t y  i s  independent of the  speed r a t i o .  This ang le  
is u s u a l l y  near 30° ,  and the  va lue  of the  t ransmiss ion  p r o b a b i l i t y  a t  
that ang le  is  approximately the  va lue  f o r  t he  conf igu ra t ion  when S equals  
0. For t h i s  conf igu ra t ion ,  t he  t ransmiss ion  p r o b a b i l i t y  f o r  S equals  0 
is 0.640 where, f o r  f i g u r e  1 2 ,  the  common value f o r  t he  t h r e e  s p e e d  
r a t i o s  i s  approximately 0.660. 

C.  Specular Re f l ec t ions  

Tables I, 11, and 111 con ta in  the  r e s u l t s  of a s tudy  of specu la r  
r e f l e c t i o n  e f f e c t s  on the va lue  of the t r ansmiss ion  p r o b a b i l i t i e s  o r  a t  
speed r a t i o s  of 1, 2 ,  and 2 . 7 ,  r e s p e c t i v e l y .  There i s  l i t t l e  d i f f e r e n c e  
between the  K va lues  f o r  no specu la r  r e f l e c t i o n  and 1 specular r e f l e c -  
t ion,but  there  is  a s i g n i f i c a n t  d i f f e r e n c e  when t h e r e  are  2 o r  more 
specu la r  r e f l e c t i o n s ,  Also,  f o r  2 or  more s p e c u l a r  r e f l e c t i o n s ,  t he  
l a r g e s t  va lue  of t he  t ransmiss ion  p r o b a b i l i t y  does no t  occur a t  zero  ang le  
of a t t a c k  where the  l a r g e s t  va lue  does occur  f o r  d i f f u s e  r e f l e c t i o n s .  
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D. Time Response 

Figure 13  presents  t y p i c a l  resul ts  of the s tudy  of t he  t i m e  
response c h a r a c t e r i s t i c s  of t he  thermosphere probe. For a l l  speed 
r a t i o s  i t  r equ i r e s  more than 10 t o  20 mi l l i seconds  f o r  those molecules 
en te r ing  the omegatron sensor  t o  t ransverse  the  tube.  Since i n  n o m 1  
ope ra t ion  the  thermosphere probes tumble wi th  a per iod of approximately 
2 seconds,  t h i s  means t h a t  i n  10 mi l l i seconds  the  o r i f i c e  has swept 
through an angle. of only 2 degrees  so t h a t  e s s e n t i a l l y  ins tan taneous  
response can be assumed through the  a n a l y s i s .  

V. COMPARISON WITH FLIGHT DATA 

The d i f f e r e n c e  between the  measured response and the  t h e o r e t i c a l  
response f o r  the  thermosphere was shown i n  r e fe rence  1. This same type 
of comparison is  shown i n  f i g u r e  14 using the  t h e o r e t i c a l  va lues  as 
determined by the  Monte Carlo a n a l y s i s .  Here t h e  r a t i o  of t he  measured 
s i g n a l  t o  the  t h e o r e t i c a l l y  produced va lue  is  shown as a func t ion  of the  
angle  of a t t a c k  f o r  var ious  speed r a t i o s .  Di f fuse  r e f l e c t i o n s  are 
assilmed f o r  these  ccmparisons. It is apparent  t h a t  the two ag ree  w i t h  
7 2 percent  f o r  angles  of a t t a c k  up t o  75 degrees where cons iderable  
dev ia t ion  begins .  A s  mentioned ear l ier ,  t h i s  is be l ieved  t o  be due t o  
the  de f i c i ency  of the  model used i n  t h e  program where t h e  a c t u a l  conica l  
o r i f i c e  s t r u c t u r e  w a s  not  simulated i n  the  conf igura t ion .  

Although the  comparison i n  f i g u r e  14 seems t o  be adequate ,  the  
p o s s i b i l i t y  that b e t t e r ,  o r  a t  least  as good, agreements could be 
obta ined  wi th  the  t h e o r e t i c a l  values  consider ing specu la r  r e f l e c t i o n .  
Using the r e s u l t s  i n  a speed r a t i o  of 2 . 7 ,  the  s i g n a l  values were com- 
pared wi th  the  t h e o r e t i c a l  values (see t a b l e s  IV through X I I ) .  From 
t h i s  comparison, i t  may be concluded t h a t  most l i k e l y  the  molecules 
d id  n o t  have more than 1 specu la r  r e f l e c t i o n ,  i f  any a t  a l l .  

V I .  CONCLUSIONS 

This s tudy  shows t h a t  Monte Carlo a n a l y s i s  of a s impl i f i ed  probe 
conf igu ra t ion  provides  adequate information about  t h e  c h a r a c t e r i s t i c s  
of t h e  thermosphere probe u n t i l  the ang le  of a t t a c k  becomes l a r g e  enough 
where c e r t a i n  geometr ical  f e a t u r e s  of t he  probe which were ignored i n  
the  mathematical  model begin t o  con t r ibu te  a l a r g e  e r r o r .  Also, t h i s  
s t u d y  shows t h a t  t h e r e  should be no major problems i n  the  response time 
of the probe, Although a s i n g l e  specular  r e f l e c t i o n  of the  molecules 
may be  poss ib l e ,  t he  a n a l y s i s  does show t h a t  more than 1 specu la r  
r e f l e c t i o n  does not  appear t o  have occurred a t  these  speed r a t i o s .  
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TABLE 1 
Transmission P r o b a b i l i t i e s  f o r  t he  

Modified Thermosphere Probe Configurat ion 

Speed Rat io  = 1.0  

Number o f  Specular Ref lect ions 

0 1 

.669 .674 

,668 .677 

.672 .661 

.665 .657 

.645 .648 

.631 .639 

,632 .621 

.621 ,625 

.620 .611 

2 3 4 

.766 .792 .751 

.762 ,790 .753 

.766 .791 .762 

.761 .790 .755 

,741 .787 .768 

.728 .774 .778 

.720 .764 .785 

.691 ,747 ,771 

.672 .707 .741 

5 

,758 

.748 

.762 

.757 

.763 

779 

.795 

.783 

.767 

10 

.754 

747 

756 

.752 

.744 

.734 

.751 

.765 

.761 
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TABLE I1 

I -  

Ang 1 e 
O f  A t t a c k  0 

0 - 7@ 

Transmission P r o b a b i l i t i e s  f o r  t he  

Mod i f  i ed  Thermosphere Probe Configurat ion 

Speed Ratio = 2.0 

Number o f  Specular Re f lec t i ons  

10 

20 

30 

45 

6 0  

75 

90  

105 

.719 

.682 

.663 

.628 

.607 

.609 

,598 

.610 

1 

7 1  2 

- 707 

.688 

.663 

.624 

.607 

.609 

.602 

.6 04 

2 

.798 

.802 

.792 

- 773 

.713 

.688 

.664 

.643 

.622 

3 4 5 

.819 ,755 .765 

.816 .763 ,764 
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TABLE I11 

Ang 1 e 
Of Attack 

0 

10 

20 

30 

45 

60 

90 

105 

8 

Transmission Probabilities for the 

Modified Thermosphere Probe Configuration 
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0 1 2 3 

.738 .747 .827 .831 

,732 .727 ,831 .827 

.690 .694 ,811 ,826 

.656 .656 .780 .819 

.621 .618 .719 .779 

.604 .603 .614 .731 

.593 .542 .612 .657 

.612 .618 .606 ,624 

4 

.769 

-776 

,763 

.780 

794 

.763 

.692 

,646 

5 

,762 

767 

.765 

,772 

.794 

757 

.718 

.668 

6 8 

,733 a762 

.763 -763 

.760 .743 

.760 .749 

.769 -755 

.771 .779 

.745 .772 

.686 .701 

10 

.755 

.749 

.741 

,745 

.751 

.746 

.784 

.726 



I I  

I .  

u 

c 
I- 
L 
L 

L 

c 

LL 
clir 

<- 
u, 
c:  

@ 
LIP 

. .  . . . .  
c c c c c c c  + + + + + + +  II I I  II II II II II II II 

2 t l  c r r - r - T T C C  

C c c c c c c c  
c u. + + + + + + +  R 

c c c c c. c c c c 
C C C C U C U C l r  
. . . . . . . . .  

r. cu (r 4 c r G G 
C l  

II II I I  II I1 I I  II II II 

9 



3 
w 
I4 

3 

l l P  
u: c 
Z b  
C: a. u; 
U J  I L  

10 



u, 
2 
C: 
h 

I- 
C. 
LL 

U J  
I L L  
kIL 

WLL 
LL 3 
C Y J  
C 

c- > 
lJ 
N C 

2 

v a  

0 
G 
C 
r 
fi 
. 
It 

c 
I- 
< 

C 

(v 

I I  

w 
2 
C, 

LL 
C 

. . . . . . . . .  . . . . . . . . . . . . . . . .  

11 



12 



cr, 
c 
I- 
C, 
Ll 

L l J  
1. LL 
I - L L  

@. 

- 
L 

c. 

c c c c c c c c c  
c 'c  c c.u cu- c.u 
. . . . . . . . .  

o F Q \c. r- c c 
? 

I I  II I I  I I  I I  II I I  I I  II 

C. c a (r c,a r-r- 
c a \ c a n ( r u u u  
c o o a; a. a n; o c . . . . . . . . .  
r - 

13 



c, z: 
C 
I- 
V 
LL 

U 

E 
c-. Lu 
ZI- 
i 

c/n 
J Z  
c 3  

II 

m _. 
L 

C: 
Y 

F 
v 

J 
3 

II II II II II II II II II 

14 

Q c <- c e a c a a a Q G c u c c 



I -  

I .  

L L J  
I L L  
I- IL 

Ly 

w 
N C  
k J  
J I Y  
e a  
5 u  
tY 

II 

lc z 
C 
Y 

I- 
U 
bJ 

O J  
c; LL 
G l l l  
r - [ L  

N &  
a 
-1 
3 
v 

II lL. 

c, v: 

I -LL 

. 
n 

U 

Ly 

c 
LLI 
w 
a 
v) 

15 



rr: 
P 
C. 
c- 
I- 
C. 
LL 

L l J  
Ill 
I- b '  

[Y 

@: 
I J C  
I-z 

II 

U 
7 
C 
c( 

t- 

c o r ~ ~ a  c u r -  u. 
~ a ~ r - - r u d c u \ ~  
c o c r o  m a ; a a c  ......... 
ci 

h n . f l d F 4 d s - U  
c c c c. c c c c + + + + + + + +  II II II II II II II II II 

16 



vi 
z c? 
U 

I- 
V 
LL 

L L ' J  
I L L  
I - L L  

E 
LL 
OOL 

U 
v, -1 
v f ,  
u v  
I-ti 

U c T :  

LLI c 
I-z 
V Q  
< 
m -  
aul 

VLL 

a n  

r- 

CJ 
W nul 

L '>  
LL! 
N 0 

Q 
c 

II 

v: - 
4' 

c 

II L 
a 

o m  
U 

I -LL 

17 



\-  

c 
I 

- 

\ 

I 
A 

I 

i I 

I 

I- 
vhl 
3- 
n m  

I m 
- .  
10 > 
V 

aJ 
P 
0 
8 
aJ 
L 

G 
0 
k 
U 

k 
0 w 
G 
0 

.PI 
u 
cd 
k 
5 
M 
.d 
lu 

18 



j -4 
i 

- -1 I- - 5.50- 

Figure  2. Modified I n t e r n a l  Conf igura t ion  of the  @negatron 

f o r  t h e  Computer Analysis of Molecular Flow 

19 



i? (Y 
h 

a0 
'4 

n - AI 1 IWBOYd NOISSIWSNWI 

20 



P 
i 

i 

/' x lo 
I I 

F) 
h 

0 a0 
h \o 

(v 0 
\D y? 

Y - A 1  I1 I8VgOUd NO I SS I W S N V U  

21 



VI 
2 
0 
c 
L 

w w  
I- 

- 

(Y 
h 

)I - AlIlIQWBOYd NOISSIWSNMII 

22 



VI z 
0 
c 
- 

Y I 
! 
I 

c> * '  

i 
:i 
:; 

0 

. 

/' 

- 
,, 0' 

,// 

0 
0 
c 

0 
o\ 

0 
00 

0 
h 

0 
rD 

0 
L n  

0 
3 

0 
m 

0 
N 

23 



0 
N 

Y 
v) 

0 
c 
c 

0 
0 
c 

0 
Q\ 

0 
OD 

0 
h 

0 
9 

0 
In 

0 * 

0 
r*\ 

0 
N 

0 - 

0 

h 

VI 
PI 

0, 
PI 
D 
C 

E 

.- 
Y 

Y u 

f a 
LL 
0 

w 
L1 
1 a 

)I - A l l l l W 8 O U d  NOlSSlWSNWYl 

24 



x 0 
h 

OD 
'9 

I- 

3 - - 

0 
0 
c 

0 m 

0 
OD 

0 
h 

0 
9 

0 
L n  

0 

0 
cr\ 

0 
LW 

0 
c 

0 

a0 

2 
B 
H 
F 

25 



x 

c 

0 
0 
c 

0 
Q\ 

0 
OD 

0 
h 

0 
rD 

0 
L n  

0 
3 

0 
cr\ 

0 
N 

0 - 

3 
(Y 
h 

26 



v) z 
0 

I 

I 

i 
! 

,I 

i 

f:’ 

,” 
/’ 

,/ 
/’ 

Y - AlIlI9W9OUd NOlSSlWSNWUl 

27 



J W k  -a20 m w  

9 

a 
m 

v) 

v)- b 
v)n- 

0 
D 

h 

x hl 
h 

0 
h 

00 
‘4 

-* a 0 
‘4 

Y - A l l l l W 8 0 U d  N O I S S I W S N W I  

28 



I- 

00 
c I ( v  

I 
v) 

0 
m 

)I - AlIlIBW~OYd N O l S S l W S N M l l  

29 



-0 
C s : 
L 
Q) 

C 
o w  
V L  
a l a l  
m u  

-on 

0 0  

O %% 
I l l  

Y 
0 
Q 
U 
&I 
In 

Y- 
O 
al 
w 
C 
Q 

c 

I l l  

ooa 

S3ln33lOW JO NO 113W8j 

c 
I 

0 
c 

-0 

30 



Ln 
0 

N 
c 

-1 

5 - 
I- 
W 
Ez 
0 
w 
I c 
0 
I- 
d 

W 

v) 

9 
- 

LL 
0 

0 

I- 
- 
s 

- f a l o  
G M L n  

- N c v  
. . .  

II II II 
v) 

0 
h 

re 
'E 
7 

I 
I 
I 
I 
1 
I 

I 
I 
1 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 
1 
I 
I 
I 

I 
I 
I 
I 
I 

I 

I 
I 
1 
I 
1 
i 
I 
I 
I 
I 
I 
I 
I 

4 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

03 
0 
c 

8 
c 

d 
c 

cv 
0 
c 

fl 
3 

I 
I 
I 

I 
1 
I 
I 
I 
I 

I 
I 

I 
I 

I 
I 

I 
I 
I 

Q 
1 
I 

1 

1 
i 

I 

4 
I 
I 

I 
I 

I 
I 
1 
I 
I 
I 
I 
I 
! 
I 
I 

I 
I 
I 
I 
I 
I 

I 
I 

I 

I 

I 

4 
I 
I 
I 

03 
? 

At103HltlWN9 1 S 

0 
c 
c 

0 
0 
c 

0 m 

0 
03 

0 
h 

0 
G 

0 
Ln 

0 
-f 

0 
M 

0 
cv 

0 
c 

0 

- 
v) 
W 
W cz 
W 
W 
0 

* u 
I- 

LL 
0 

w 
-I 
W z 

v 

il 
a 

a 

4 

2 
B 
H 
F 

31 



APPENDIX A 

Response of A Probe i n  Free Molecule Flow 

The response of a probe i n  f r e e  molecule flow is e a s i l y  shown i n  
the  fol lowing manner. Consider a c y l i n d r i c a l  tube wi th  an  o r i f i c e  
(a rea  A o ) a t  one end opening t o  the atmosphere and another  o r i f i c e  
(area A i )  a t  the  o t h e r  end, opening t o  a sensor  volume. 
molecules which e n t e r  the o r i f i c e  (Ao), which p a s s  through the tube,  
and which e x i t  t he  tube a t  the  o the r  o r i f i c e  (Ai) is given by 

The number of 

where 

= number of molecules en te r ing  the  sensor  volume 'in 

N = number d e n s i t y  of the  ambient gas 

Vo= average speed of the ambient gas molecule 

0 - 

k = Boltzmann's cons tan t  

m = mass of a molecule 

To = temperature of the ambient gas 

S = speed r a t i o  = U cos d V m  

U = mass v e l o c i t y  of t he  probe r e l a t i v e  t o  the  gas 

Vm = most probable speed of ambient molecules 

a = angle  between the normal t o  the  o r i f i c e  and the v e l o c i t y  

K (L/R,s,~) = Clausing p r o b a b i l i t y  f a c t o r  i n  the  d i r e c t i o n  

vec to r  

0 from A, t o  Ai 

L/R = l eng th  t o  r a d i u s  r a t i o  of the duc t .  
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The number of molecules i n  the  sensor  volume which leave  that volume 
through the  o r i f i c e  (Ai) and r e t u r n  t o  the  atmosphere is given by 

where 

= number of molecules leav ing  the  sensor  volume 

= number dens i ty  of the  gas i n  the  sensor  volume 

= average speed of the  molecule i n  the  sensor  volume 

Zout  

Ns 

Vs 

= temperature of the  gas i n  the  sensor  volume 
TS 

K .  (L/R,O,O) = Clausing p r o b a b i l i t y  func t ion  f o r  t he  d i r e c t i o n  
from A i  through A,. 1 

For equi l ibr ium condi t ions ,  

Thus, 

N V  
7 AiKi(L/R,O,O). 

s s  N ?  
- 2 F ( S )  AoKo(L/R,S,a) 

0 0  

When S = 0, To = T, and No = Ns, 

AoKo(L/R,O,O) = AiKi(L/R,O,O) 

so that 

= AO - Ko(L/R,O,O). 
Ki Ai 
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Thus, 

ts K~ (L/A, O,O) 

and 

so that  

or, i n  terms of pressure, s i n c e  Nj = p j iW j ,  
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